After DNA damage, caspases cleave and activate proteins involved in cell death by apoptosis but also cleave and inactivate proteins implicated in DNA repair. Here we report a rapid onset of Rad51 cleavage by caspase 3 in BRCA2-defective mouse and human cells. This rapid cleavage was reduced markedly by transfer of full-length human BRCA2 into BRCA2-defective mouse or human cells, which also blocked the association of caspase 3 and Rad51 proteins. Overall caspase 3 activity was increased in BRCA2-defective cells, but the time course was much slower than that for Rad51 cleavage. We further showed that caspase 3 cleavage of Rad51 resulted in a functional decrease in Rad51 strand exchange activity and that inhibition of caspase 3 activity increased Rad51 protein levels and Rad51 foci. These findings indicate that BRCA2 inhibits Rad51 cleavage and subsequent apoptosis.
INTRODUCTION
DNA damage in cells results in either DNA repair or cell death by apoptosis. Regulation of the cell's decision between repair and apoptosis involves cell cycle checkpoints and DNA repair mechanisms and is essential for the maintenance of genomic integrity (1) . Ionizing radiation, which produces double-strand DNA breaks, activates caspases, a family of aspartic acid-specific cysteine proteases (2) (3) (4) . One member, caspase 3, cleaves the DNA repair proteins poly(ADP-ribose) polymerase (PARP) (5), DNA-PK (6), ATM (7) and RAD51 (8, 9) . It specifically cleaves RAD51 at the DVLD-187 site (aspartic acid-valine-leucine-aspartic acid) (9) . Thus caspase 3 both activates cell death and inhibits DNA repair.
Two protein domains of BRCA2 bind Rad51: (1) a central domain containing BRC repeats (10) (11) (12) and (2) a C-terminal domain regulated by CDK-dependent phosphorylation (13) . BRC peptides bind Rad51 monomers and block formation of nucleoprotein filaments required for recombinase activity (10) (11) (12) . BRCA2 and Rad51 co-localize to nuclear foci where DNA repair likely occurs (14) (15) (16) , but localization of Rad51 to foci is reduced in cell lines lacking BRCA2 (17) (18) (19) . These findings support a model in which Rad51 and BRCA2 interact with each other and with damaged DNA (the structure of the BRCA2 gene is shown in Fig. 1A) .
We investigated the effects of BRCA2 expression on the stability of Rad51. We have hypothesized that BRCA2 binds Rad51 and enhances the stability of Rad51 protein by protecting it from proteolytic cleavage. Here we report a rapid onset of Rad51 cleavage by caspase 3 in BRCA2-defective mouse and human cells. This rapid cleavage is markedly reduced by transfer of full-length human BRCA2 into BRCA2-defective mouse or human cells. Overall caspase 3 activity is increased in BRCA2-defective cells, but the time course is much slower than that observed for Rad51 cleavage. We further show that caspase 3 cleavage of Rad51 results in a functional decrease in Rad51 strand exchange activity. BRCA2 appears to inhibit the usual association between caspase 3 and Rad51, and inhibition of caspase 3 activity increases Rad51 protein levels and increases Rad51 foci. These findings indicate that BRCA2 inhibits Rad51 cleavage and subsequent apoptosis.
MATERIALS AND METHODS

Cell Culture
Capan-l, BRCA2 tamine. MCF-7 cells were grown in DMEM supplemented with 10% certified fetal bovine serum (Gibco-BRL), 1% antibiotic/antimycotic, 1% glutamine, 1% insulin transferrin selenium A (ITSA), and 1% nonessential amino acids.
Transfections and Generation of Stable Cell Lines
Full-length human BRCA2 cDNA (confirmed by DNA sequence) was cloned into pREP4 to produce an RSV-regulated expression vector. Transient and stable transfections were performed in Capan-l cells by lipofection using Targefect F-l (Targeting Systems) and in Brca2 Ϫ cells by a calcium phosphate-mediated protocol. Stable transfectants were pooled (at least 100 clones for each transfectant pool). BRCA2 expression was confirmed by Western blot analysis as below using an antibody raised against the C-terminus of BRCA2 (BRCA2, amino acids 3245-3418, Pharmingen). Wild-type and non-cleavable GFP-tagged RAD51 constructs were a generous gift from Yinyin Huang (Dana-Farber Cancer Institute, Harvard Medical Institute).
Western Blotting Analyses
Cell lysates were subjected to polyacrylamide gel electrophoresis (12% gel) and transferred to PVDF filters (Millipore, Immobilon-P) overnight at 30 V. The membrane was stained with Ponceau S prior to blocking to assess loading and transfer efficiency. The membrane was blocked using 5% nonfat dry milk, 0.2% Tween 20 in Tris-buffered saline for 1 h at room temperature. After blocking and subsequent washing, the blot was exposed to the primary antibody. We used affinity-purified rabbit antihuman RAD51 (Ab-1, Oncogene Research Products) at a dilution of 1:2500, affinity-purified rabbit anti-human BRCA2 (anti-BRCA2, amino acids 3245-3418, Pharmingen) at a dilution of 1:1000, and affinity-purified rabbit anti-human caspase 3 antibody (Pharmingen) at a dilution of 1:2000 as primary antibodies. The blot was washed with 0.2% Tween in Tris-buffered saline for 1 h at room temperature before being exposed to a horseradish peroxidase-conjugated secondary antibody (Jackson Immuno Research) at a dilution of 1:7500 at room temperature for 1 h. The blot was again washed extensively. Bands were visualized using chemiluminescence detection employing Luminol (3-aminophthalydrazide) and p-coumaric acid. Immunoprecipitation-Western blot analyses were performed by first performing the immunoprecipitation in 1.5 ml of RIPA buffer, using Protein A sepharose for antibody capture, and then performing Western blotting as described above for each antibody.
Measurement of Caspase 3 Activity
Aliquots of cells frozen at the indicated times after irradiation were processed for enzymatic assay as described elsewhere (22) . Cell lysates were centrifuged at 900g for 10 min at 4ЊC. Protease assays included 178 l of reaction buffer (100 mM Hepes, pH7.5, 20% v/v glycerol, 5 mM dithiothreitol, and 0.5 mM EDTA), 2 l of 10 mM acetyl-Asp-Glu-ValAsp-p-nitroanilide (Ac-DEVD-pNA) in Me 2 SO (100 M final concentration), and 20 l of cell lysate. Caspase 3 activity was determined by enzymatic conversion of DEVD-p-nitroaniline to p-nitroaniline measured at 405 nm.
Protein Purification and DNA Strand Exchange Studies
Vectors were constructed that expressed human RAD5l and caspase 3 in E. coli using the pGex5 GST vector that allows processing of the GST after purification with factor Xa. GST-RAD51 was purified from over expressing bacteria by spermidine precipitation and dialysis (23) and purification on a glutathione sepharose column followed by Xa treatment and elution with buffer. GST-caspase 3 was purified on glutathione sepharose followed by Xa cleavage and elution with buffer (100 mM NaCl and 2 mM DTT) and was allowed to cool slowly to room temperature. Strand exchange assays were performed as described elsewhere (24) (25) (26) , with the following modifications: 30 M single-stranded phiX174 DNA was incubated at 37ЊC for 3 min before Rad51 or Rad51 plus caspase 3 were added. In strand exchange assays with RAD51, 10 M protein was used. For assays with both RAD51 and caspase 3, equimolar amounts of both proteins were preincubated together in reaction buffer for 30 min at 37ЊC prior to addition to the single-stranded DNA. The mixture of proteins with single-stranded DNA was incubated for 5 min before 30 M linear duplex RF1 ⌽X174 DNA (New England Biolabs) was added with a final reaction buffer of 50 mM triethanolamine-HCl (pH 7.5), 80 mM Koac, 0.5 mM Mg (OAc) 2 , 2 mM ATP, 1 mM DTT, and 100 g/ml bovine serum albumin. Then 100 mM ammonium sulfate was added after equilibration of the prior reagents. These were then incubated a further 2 h at 37ЊC. ATP was omitted from the control as a no ATP control, and 20 M DEVD was added to the protein mixture in the DEVD control. Reactions were terminated by addition of 0.2 volume stop buffer (100 mM Tris-HCl, pH 7.5, 100 mM MgCl 2 , 25 mg/ml SDS, 10 mg/ml proteinase K, 2.5 g/ml ethidium bromide) and analyzed on 1% agarose gels. To stabilize joint molecules, ethidium bromide (1 g/ml) was added to the gel and gel running buffer, photographed and quantified by digital photography. 
Immunofluorescence Microscopy
The cells were seeded and allowed to grow on cover slips in six-well tissue culture plates. After treatment, the cells were fixed in 2% paraformaldehyde, neutralized with 1 M glycine-Tris, pH 7.4, and washed in PBS for 5 min. Then the cells were probed with an affinity-purified rabbit anti-human RAD51 antibody (Ab-l, Oncogene Research Products) diluted 1:5000 in dilution buffer (5% normal donkey serum, 1% BSA-Fraction V and 0.1% Triton X-l00 in PBS), washed three times for 5 min in PBS, probed with Cy3-conjugated anti-rabbit secondary antibody (Jackson Laboratory) diluted 1:8000 in dilution buffer, and washed three times for 5 min in PBS. The fixed cells were analyzed with a Zeiss Axiophot fluorescence microscope.
RESULTS
Ionizing Radiation Induces a Rapid Caspase 3 Cleavage of Rad51 in BRCA2-Defective Cells
Huang (9) reported previously that caspase 3 produced a slow cleavage of RAD51 in irradiated U-937 cells. Given the interaction between RAD51 and BRCA2, we hypothesized that BRCA2 might affect caspase 3 cleavage of Rad51. For these studies we used cells of two BRCA2-defective cell lines: (1) Capan-l cells, a human pancreatic carcinoma cell line lacking the C-terminus of BRCA2, and (2) BRCA2 lexl/lex2 mouse embryo fibroblast cells, also lacking the Brca2 C-terminus (Brca2 Ϫ ) (20) . Capan-l cells also contain defective p53, but the Brca2 Ϫ cells are primary cells and contain intact p53. The sequences of human and mouse RAD51 are almost identical, differing by only 4 amino acids (21); therefore, interactions between mouse RAD51 and human BRCA2 would still be likely to occur.
Pooled stable transfectants expressing BRCA2 (protein expression analyzed in Fig. 1B ) were isolated and Rad51 cleavage was analyzed in cells with or without wild-type BRCA2. The level of expression in the BRCA2 transfectants was comparable to that seen in epithelial cells. Irradiation of both Capan-l and Brca2
Ϫ cells induced a rapid cleavage of RAD5l within 6 min ( Fig. 2A, panels 1 and 3) . However, transfection of either mouse or human BRCA2-defective cells with wild-type human BRCA2 resulted in decreased cleavage of RAD51, with BRCA2-tranasfected Brca2 Ϫ cells showing a consistently low basal activity ( Fig.  2A, panels 2 and 4) . Control MCF-7 cells, which lack caspase 3 activity, exhibited no detectable cleavage of RAD51 ( Fig. 2A, panel 5) . These results indicate that full-length, wild-type BRCA2 is necessary for RAD51 to avoid significant caspase 3 cleavage and remain intact. We next asked whether ionizing radiation induced a rapid caspase 3/Rad51 association and subsequent cleavage in BRCA2-defective cell lines or whether radiation induced caspase 3 cleavage of prebound Rad51. Our results showed that caspase 3 is associated with Rad51 in human BRCA2-defective Capan-1 cells prior to irradiation (Fig. 2B and C, upper panel) but is not detected in BRCA2-transfected Capan-1 cells (Fig. 2B and C, lower panel) . This association was seen both by immunoprecipitation with Rad51 antibody followed by immunoblotting with caspase 3 antibody (Fig. 2B ) and by immunoprecipitation with caspase 3 antibody followed by immunoblotting with Rad51 (Fig. 2C) . These association assays could be performed in human Capan-1 cells but not in mouse Brca2
Ϫ (null) cells, because no mouse caspase 3 antibody is available.
BRCA2 Inhibits Generalized Caspase 3 Activity
Several potential models could explain how loss of BRCA2 might increase caspase 3 cleavage of Rad51: (1) a non-specific rapid increase in caspase 3 activity after exposure to ionizing radiation; (2) a specific increase only in cleavage of Rad51 or a few yet unknown substrates; (3) an initial rapid increase in Rad51 cleavage followed by a more generalized increase in caspase 3 activity and/or apoptosis. Thus we wanted to compare the time course of caspase 3 activity after irradiation of BRCA2-defective cells with that of cells complemented with BRCA2. Capan-1 cancer cells (Fig. 3A) and mouse Brca2 Ϫ fibroblasts (Fig. 3B) were analyzed using a chromogenic substrate; the results showed a slow, dose-dependent increase in overall caspase 3 activity after irradiation. Because there was a clear difference in caspase 3 activity in BRCA2-transfected and untransfected cells, we also measured caspase 3 activity in irradiated mouse embryo fibroblasts without a defect in Brca2 (Fig.  3C) . The results show that Brca2 Ϫ cells do not have grossly different caspase 3 responses to radiation when compared to control mouse embryo fibroblasts but that overexpression of BRCA2 appears to decrease radiation-induced caspase 3 activity in a dose-dependent manner.
Caspase 3 Cleavage of RAD51 Reduces Strand Exchange Activity
After we observed the immediate cleavage of RAD51 by caspase 3 after exposure to ionizing radiation when wildtype BRCA2 was not present, we determined the effects of caspase 3 cleavage of RAD51 on the efficiency of DNA repair. For these experiments, strand exchange assays were performed; these in vitro assays model the strand invasion step of homologous recombination that is catalyzed by RAD51. Purified RAD51, Rad51 D-A mutant, and caspase Rad51 protein-mediated production of joint molecules is inhibited by caspase 3 protein, but this inhibition is reversed by adding the caspase inhibitor DEVD. After we assessed the decrease in strand exchange activity resulting from RAD51 being cleaved by caspase 3, we wanted to know how the efficiency of strand exchange would be affected if RAD5l was not vulnerable to caspase 3. Strand exchange assays were performed (Fig. 5A, B) with a recombinant, non-cleavable form of RAD51 (denoted as D-A RAD51) in which the DVLD-187 sequence was mutated to AVLA, thereby making the site unrecognizable by caspase 3. The assays were performed in the same manner as those with wild-type RAD51. The results indicated that Rad51 D-A protein-mediated joint molecule production is not inhibited by caspase 3 protein.
Inhibition of Caspase 3 Activity In Vivo Increases Rad51 Protein Levels and Rad51 Foci
To determine whether caspase 3 cleavage of Rad51 plays a role in BRCA2-defective cells in vivo, we analyzed Rad51 activity and function in Capan-1 cells treated with caspase inhibitors. The results in Fig. 6A show that the levels of Rad51 protein in irradiated cells increase to a much greater extent in Capan-1 cells treated with the caspase 3 inhibitor DEVD than in cells treated with a caspase 1 inhibitor. This indicates that caspase 3 activity functionally decreases RAD51 protein levels in these cells. We then determined the extent of Rad51 focus formation in irradiated Capan-1 cells in the presence of caspase inhibitors and observed more numerous and larger foci in cells treated with a caspase 3 inhibitor (Fig. 6B, lower middle panel) than in caspase 1 inhibitor-treated cells (Fig. 6B , lower left panel) or in control cells (Fig. 6B, lower right panel) .
DISCUSSION
Previous studies have suggested that maintenance of intact RAD51 contributes to abrogation of apoptosis (9) . This suggests that RAD5l must avoid caspase 3 cleavage for the cell to survive an apoptosis-initiating event. Our results lead to the following conclusions: (1) Ionizing radiation produces a rapid cleavage of Rad51 by caspase 3 that is inhibited by BRCA2 expression; (2) BRCA2 appears to block the association of Rad51 and caspase 3, which is unaffected by ionizing radiation; (3) caspase 3 cleavage of Rad51 reduces its strand exchange activity in vitro; (4) inhibition of caspase 3 in vivo results in increased Rad51 protein and Rad51 focus formation after irradiation. Our finding that ionizing radiation induced rapid Rad51 cleavage but slowed generalized caspase 3 activation in BRCA2-defective cells is consistent with a model in which BRCA2 protects Rad51 from caspase 3 cleavage and thus inhibits overall caspase 3 activation and apoptosis. Specific homologous recombination assays and MMC sensitivity survival assays will be needed in isogenic cells to show that these findings are important for homologous recombination in vivo. Because prior work clearly shows that BRCA2 has a direct role in DNA repair in concert with Rad51, our studies indicate that BRCA2 may have multiple pleiomorphic functions including inhibition of caspase 3 cleavage of Rad51 and inhibition of apoptosis.
